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A heat-transferinvestigation,whichisan extensionoftwo
previouslyreportedNACAinvestigations,wasoonductedwithair
flowingthroughan electricallyheatedInconeltubehavingan
insidediameterof0.402inoh,a lengthof24 inches,andhaving

1 eithera long-approachora right-angle-edgeentrance.Therange
ofcondlitionsincludedReynoldstiers from1000to 375,000,
averageinside-tube-walltemperaturesfrcm660°to 20000R, and
heat-fluxdensitiesup to 120,000Btuperhourpersquarefoot.

Theconventionalmethd ofcorrelatingheat-tdansferdata
whereinpropertiesofairwereevaluatedattheaveragebulk
temperatureresultedina decreaseinheat-ttinsferparameterfor
an increasein inside-tube-walltemperatureat constantReynolds
nuaiber.Goodcorrelationoftheheat-transferdatafortheentire
Ue ofape~t-s investigatedwasobtainedwhentheReynolds
numberwasmaiified.by substitutingtheproductofairdensity
evaluatedattheaverageinside-tube+m.11temperatureandthe
velocityevaluatedat theaveragebulktemperatureforthecon-
ventionalmassflowperunitcross-sectionalarea.Theother
physloalpropertiesoftheairwereevaluateaattheinside-
tube-walltemperature.Thesefindingssubstantiatethework
previouslydone●

Theconventionalmethodofplottingfrictionfaotore,cal-
culatedfroma iQnsmicpressurebasedonan averageairdensity
againstRe~oldsnumber,resultedina considerablespreadofthe
datawithtemperaturelevel.A faircorrelationofthefriction
datawasobtainedwhenthefriotionfaotorswerecalculatefran
a dynamicpressurebasedona fih aensityandplottedagainst
themodifiedsurfaceReynoldsnumber.

.
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Changingtheentranoesectionhada negligibleeffeotonthe
averageheat-transfercoefficientsandfrictionfactorsoverthe
rangeofconditionsinvestigated.

*
.

INTRODUCTION
mmto
d

An experimentalinvestigationhasbeeninstitutedatthe
NACALewislaboratoryto obtainsurface-to-fluidheat-transfer
andassociatedpressure-dropinformationovera widerangeof
inside-tube+alltemperaturesandheat-fluxdensities.

As partofthisgeneralprogram,an investigationisbeing
conductedwithair flowingthroughan electricallyheatedInconel
tubehavingvarious entranceconfigurations, an inside di=et=
of0.402inoh,andan effectiveheat-transferlengthof24 inohes
to obtainheat-transferandfriotiondata.Theresults ofinvesti-
gationsconductedwitha roundedent=ncetothistubeoverranges
ofReynoldsnumbersfrom7000to 500)OOOjaverageinside-tube~l~
tenqeratwresfrom605°to 2050°R,heat-fluxdensitiesupto
150,000Btuperhcurpersquarefoot,andtube-exitMachnumbers
up to 1.0arereportedinreferences1 and2. . .

In ordertoascertainfurtherthevalidityofthemcdified
correlationpresentedinreferences1 and2 andtodeterminethe
effectsofentranceconfigurationonover-allheat-tmmsfer

.

coefficientsandfrictionfactors,an investigationwasconducted
withtwoothert~s ofentrancetotheheatertube,a long-app:~ch
anda right-angle-edgesectionfor.approx~te~Yt~ s- co~iti~s

—

intheturbulentrangeofReynoldsnumberastheroundentrance.
Resultsofthisinvestigationarepresentedhereinandarecompared
withthoseofreferences1 and

AI?PARATUS

Theexperimentalsetupis
indetailinreference1. For
isbrieflyreviewed.

2.

ANDPROCEDURE

essentiallythesameasdescribed
convenience,however,theapparatus

ArrangementofApyratus

A schematicdiagramoftheheatertubeandassociatedequip-
mentisshowninfigure1. Compressedairissuppliedthrougha ● -

pressure-regulatingvalveanda cleanertoa surgetank.Fromthe —
●
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SUX’Seta*j the air flws througha second~ressure-regulating
, valve intoa preheaterandthenthrougha meteringorificeanda

bankofrotameters.Fromtherotameterstheairflowsintoa
calmingtank,throughtheheatertube,andintoa mixi~ tank

G fromwhichit isdischargedto theatmosphere.
mtn

Electricpwer is suppliedtotheheatertubefroma 208-volt
60-cyclesupplylinethroughanautotransformeranda 14:1power
transform?r.Thelow-voltageleadsofthepowertransformerare
connectedtotheheater-tubeflangesby coppercables.The
capacityoftheelectricequipmentis15 kilovolt-amperes.

HeaterTube

TheIncotieltube,whichisshowninfigure2,hasan inside
diameterof0.402inchanda wellthicknessof0.049inch.Steel
flangesweldedto thetubeateachendprovideelectricalcontact
withthetransformerleadsfromthepowersupply.Thetubeacts
as a heatingelementandthedistancebetweentheouterfaceof
thesteelflanges,whichforthisinvestigationis24 inches,is
takenastheeffectiveheat-transferlength.Theheatertubeis
themallyinsulated.

Static-pressuzetapsexelocatedat 11 stationsalongthe
lengthofthetube(fig.2). Outside-tube-wslltemperaturesare
measuredat 30locationsby chromel-slumelthermocouples(two
thermocoupleslocated180°aprt at eachof15 stations)anda
self-balancingindicating-typepotentiometer.

Investigationsweremadewithtwotypesofheater-tube
entrance,a long-approachentrancehavinga lengthof24 inches
anda right-angle-edge entrance.
entrancehave
(0.402in.).

an insidediameter

Rangeof

(Seefig.3.) Bothtypesof
equaltothatoftheheatertube

Conditions

Heat-transferandassociatedpressure-dropdatawereobtained
withboththelong-apprcachentranceandtheright-angle-edge
entranceovera rangeofReynoldsnumbersfrom1000to 375,000,
averageinside-tube-walltempemdazresfrcm660°to 2000°R, and
heat-fluxdensitiesup to 120,000Btuperhourpersquarefootof
heat-transferarea.
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SYMBOIS

Thefolhwingsymbolsareusedinthisreport:

cross-seotiondarea,(sqft)

speoificheatofairat constantpressure,(Btu/(lb)(°F))

insidediameterofheatertube,(ft)

averagefrictionfactor

averagebulkfrictionfaotor

mcxliftedfillmfriotionfactor

mcdifiedsurfaoefrbtionfactor

massflowperunitoross+ectionalarea,(lb/(hr)(sqft))

accelerationdueto gravity,4.17x108(ft/h&)

averageheat-transferooeffictent,(Btu/(hr)(sqft)(°F))

thermal.conductivityofair,(Btu/(hr)(sqf%)(OF/ft))

effectiveheat-transferlengthofheatertube,(ft)

statiopressure,(lb/sqftabsolute)

over-allstatic!-pressuredropacrossheatertule,(lb[sqf%)

#

.

Apfi frictionstatic-yressu~dropaorossheatertube,(lb/sqft)

R gasoonstantforair,53.35(fi-lb/(lb)(OF))

s heat-transferareaofheatertube,0.211(sqft)

T totaltemperature,(%)
.

‘b averagebulktemperatureequaltoaverageofentranceand
exittotaltempemtures,(%) “

Tf averagefilmtempemtureequalto halfthesumofaverage
bulkandaverageinside-tube-~1temperatures,(%) u

Ts “averageinside-tube-walltemperature,(OR) ._

-.
—
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t

P’

P

statiotemperature,(OR)

velooity,(ft/hr)

airflow,(lb/hr)
absoluteviscosityofair,(lb/(hr)(ft))

densityofair,(lb/ouft)

averagedensityofair,(lb/auft)

Prandtlnumber

Reynoldsnumber

modifiedfilmReynoldsnumber

modifiedsurface

Nusseltnumber

modifiedStanton

Reynoldsnmiber

number

.
Subscripts:

1 heater-tubeentrance

2 heater-tubeexit

b bulk(whenappliedto properties,indicatesevaluation
at averagebulktemperature)

f film(whenappliedto properties,indicatesevaluation
ataveragefilmtemperature)

s surface(whenappliedto properties,indicatesevalu-
ationataverageinside-tube-walltemperature)
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IU3SULTSANDDISCUSSION
,

EeatBalanoe

Theheatbalanceisshowninfigure4 wheretheratioofthe E“electricheatinputminusheatlosstotheheattransferto air, m
asmeasuredbyweightflowandtemperaturerise,isplottedagainst
theheattransfertotheair. Theheatlosswasfoundinthesame
mannerasreportedinreferenoe1. Theheatbalanceisgoodexcept
forsomecasesatlowair-flowratesandcorrespondinglowrates
ofheattransfer,wherea decideddifferencewasobtainedbetween
themeasuredvaluesof%heenthalpyincreaseoftheairandthe
electricheatinputminusthelosses.

Theair-flowandtemperature-risemeasurementswerebelieved
tobe smewbt moredependablethantheelectricalmeasurements
(particularlytheheat-lossmeasurements)atlowflowrates;
thereforetheheat-transfercoefficientiscalculatedhereinfrom
theflowrateandthetemperatureriseoftheair.

CorrelationofEeat+hwmsferCoefficients ,

Themethcdofcalculatingtheheat-transfercoefficientis
thesameas thatgiveninrefe=nces1 and2; the principalparts,
however,arerepeated.

.

Theaverageheat-transfercoefficienth wascomputedfrom
theexperimentaldataby therelation

WC ~(T2-Tl)
h= &T

s -Tb)

Thebulktemperatureoftheair Tb wasteken as tk
arithmeticmeanofthetots3temperaturesattheentranceT1
andtheexit T2 oftheheatertube.Theaverageinside-tu%e-
walltemperatureT~ wastakenasan integratedaverageofthe
localoutside-tube-walltemperaturesminusthetemp==turedrop
throughthewall.

Conventionalcorrelation.-Theaverageheat-transfercoef-
ficientsareplottedintheconventionalmannerinfigure5 for
thedataobtainedwiththelong-a~pr&chentrance,whereNusselt

*

numberdividedbyPrandtlnumiberraisedtothe0.4power
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(~/kb)/(’p,bHb/kb)0”4isplottedagainstReynoldsnumber
m/~ . Included”forcomparisonistheaverageline(dashed)
obtainedbyMcAdamsfromcorrelatimofthedataof various
investigations(reference3). Alsotabulatedinfigure5 arethe
averagevaluesof Ta and T~/Tb fortherangeofReynolds
numberscoveredat eachtemperaturelevel.Thephysicalproper-
tiesofairarebasedonbulktemperature.Allphysicalproper-
tiesusedhereinareobtainedfromreference4.

A familyofparallellineshavinga slopeofabout0.8is
obtainedforthedifferenttemperaturelevelsabovea Reynolds
numberofabout10,000.Thelow-temperaturedataareinfair
agreementtith.thereferenceline;however,as thetemperature
levelisraisedthedatafaIJprogressivelybelowthereference
line . SimilarresultsfortheroundentrancewerePound in
references1 and2.

Thedata fortheright-angle-edgeentrancegavesimilar
resultsandarethereforenotpresentedherein.

CorrelationbasedonmodifiedsurfaceReynoldsnumber.-
Averageheat-t=nsfercoefficientsarecorrelatedinfigure6
accordingtothemethodpresentedinreferences1 and2;thatis,
Nusseltnumberdividedby Frandtlnumberto the0.4poweris
plottedagainsta Reynoldsnumberthathasbeenmodifiedby sub-
stitutingtheproductofdensityevaluatedattheaverageinside-
tube+willtemperaturepa andairvelocityevaluatedatthe
averagebulktemperature fortheconventionalmassflowper‘b ,
unitcross-sectionalarea G. Thepropertiesoftheairappear-
inginthevariousparameters are evaluatedattheaverageinside-
tube~ temperatureTa. IncludedforcomparisonIsthecurve
obtainedwiththeround-entrancedata(reference2).

TheuseofthemodifiedsurfaceReynoldsnumberresultsina
goodcorrelationof’thedataovertherangeof conditionsinvesti-
gated.Thedataarebestrepresentedby thelinepreviously
obtainedwiththeroundentrance(reference2).

Datafortheright-angle-edgeentranceinfigure7 are
correlatedinthesamemanneras infigure6 usingthemodified
surfaceReynoldsnumber.Thecurveshownisfromreference2
fortheround-entrancedataandfromfigure6 hereinforthelong-
approachdata.Thedataareingocdagreementwiththeround-
entranceandlong-approachdata.
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forround,long-approach,andright-angle-edge
Reynoldsnumbersaboveabout10,000canbe .

repref3entedby theequation

~= o.023(~yo8p&y”4

Whentheheat-transferooefficientsarecompztedusingthe
eleotricheatInputminustheheatlossratherthantheheat
transfertoair(asmeasuredbyweightflow@ temperatuzwrise)
andarecorrelatedintheS- manneras infigure6,thedata
canbe representedby a singlestraightlinedowntoa Reynolds
numberof1000.Thislineisjustslightlyhigherthantheone
showninfQure 6,butthedatahavethesamerelativescatter.
As previouslystated,however,thedatausingWOP(T2-Tl) is
believedtobemorereliablebeoauseoftheuncertaintyofeleotrioal
andheat-lossmeasurementsatthelowflowrates.Intheturbulent
rangeofReynoldsnumbersforwhichtheapparatuswasdesigned,the
differenceinthemethodofevaluatingheat-transfercoefficients
i8insignificant. .

CorrelationbasedonmcdifiedsurfaceReynoldsnumberneglect-
ingl?rand.tlnumiber.- A plotofNusseltnumberhD/ksagainstthe .
modifiedsurfaoeReynoldsnumberpsV#/W~.forthelong~pproach
dataisgiveninfigure8. Thepropertiesofairinthevarious
parametersareevaluatedattheaverageinsi~e-tube-walltemper-
ature.The@ot isthesameas figure6,exceptthattheIbmndtl
numberhasbeentitted. Includedforcomparisonisthecurve
obtainedwiththeround-entmncedata(reference2). Theamission
ofPrandtlnumberhasa negligibleeffeotonthecorrelation;this
effeotisexpeotedbecausePrandtlnumbervariesonlyslightlywith
temperature.Theright-angle-edgedata,nutincludedherein,show
similartrends.Thelong-approachandright-angle-edgedataabove
a modifiedsurfaceReynoldsrumiberof10,000canbe representedby

‘thefollowingequation:

CorrelationbasedonmodifiedfilmReynoldsnumber.- Thedata ,
forthelong-approachentranoearereplottedInfigure9 ina manner
similartothatoffigure6,exoeptthata modifiedfilmReynolds
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nuniherisusedandtheairpropStiiesinthevariousparameters
. areevaluatedat theaveragefilmtemperatureTf. Nusseltnumber

Gw dividedbyPrandtlrnuibertotheO.4power (hD/kf)/(cp,fwf/kf)0”4
cc

isplottedagainstthemodifiedfi2mRe~oldsnumberpfVbD/Kf.

ThemodifiedfilmReynoldsnumberis obtainedfromthe
conventionalReynoldsnumber

PfvbIl
— =
#f

@N~by therelation

Comparisonoffigures6 and9 indicatesthatbettercorre-
lationofthedatais obtainedbyusingZ!sratherthan Tf
in’theevaluationofReynoldsnum”erandairpropetiies.For
exs@l~theuseof Tf resultsina 15-percentdecreaseinthe
lhzsseltnumber/Erandtlnumber”’4foran increasein T#Cb frcm

, 1.19to 2.27as ccznparedwithnonoticeabletrendwiththeuseof
Ts. Similarresultswereobtainedwiththeright-angle-edge
entrance..

.

the
the

CorrelationofX&ictionFactors

Themethd ofcalculatingthefrictionfactorsis essentially
sameas describedinreferenoe2. Theimportantdetailsand
pertinentequationsare,however,repeatedforconvenience.

Averagefrictionfaotorswerecalculatedfrcmtheexperimental
pressure-dropdataas follows:Thefrictionpressuredropwas
firstobtainedby subtractingthecalculatedmomentumpressuredrop
franthemeasureddropinstaticpressureacrossthetube,thus

Apfr= Ap -

An averagefrictionfactorf~ wasthencalculatedfromthe
frictionpressuredropby the”useoftheconventionalrelation

, Apfr
‘b= L ‘avTb2

457
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wheretheaveragedensitywastakenas
●

mm
2

Frictionfactorswithno ?leataddition.-Theaveragebulk
half-frictionfactorfb/2 isplottedagainsttheReynolds
numberIE/~ fortherenditionofno heatadditioninfigure10
forbothentranoes.Isotherma3half-friotionfactorsfora round
entrancearealsoshown.Inoludedforcomparisonisthecurve
(solid)representingtheK&m&n-Nikuradserelationbetweenfriction
factorandReynoldsnumber,whiohis

andtheline(dashed)representingtheequationforlaminarflow ,
inciroulartubes,whiohis

f
2-=%+

Inthetwoforegoingequations,thevalues
frictionfactorcorrespondtotheabscissa
infigure10andsucceedingfigures.

ofReynol&qnuniberand
andordinate,respectively,

GoodagreementwiththeK&m&-Nikuradserelationisobtained.
withallthreeentranoesectionsintheturbulent-flowrangeof
Reynoldsnumbers.

Conventionalcorrelationwithheataddition.-Theaverage
bum half-frictionfaotorfb/2 isplottedagainstReynolds
numberIX+/pbinfigureU underooniitionsofheataddition
withthelong-approachentrance.Dataforno heatadditionand
theK&&n-Nikuradseandlaminar-flowlinesareincludedfor
comparison. Thedatacorrespondingtolawvaluesof T#Tb agree
fairlywellwiththatfornoheataddition.As Ts/Tb isinoreased, ,
however,fb/2 isinoreasedinthelowReynoldsnuniberregionand ●

.
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decreasedinthehighReynoldsnumberregion.Similareffeots
wereobtainedtiththeright-angle-edgeentrance,aswellasthe. roundentranoe(reference2).

.
CorrelationbasedonmodifiedsurfaceReynoldsnumber.- The

m~ifiedsurfacehalf-frictionfactorcaloul.atedfrcma dynamio
pressurebasedonairdensityevaluatedattheaveragei~ide-
tube-walltemperaturef~/2 isplottedagainstthemodified
surfaceReynoldsnumberpsVbD/v~tnfigure12 fOrthelong-
approaohentranoe.Dataforno heatadditionandtheK&rm&n-
Nikuradseandlaminar-flowlinesareincludedforcomparison.
Therelationbetweenfs and fb Is

2TS
f*=—

tl + t2 ‘b

Thecorrelationresultsinan overcom’ectionofthetempera-
tureeffectshowninfigure11. Similarresultswereobtained
withtheround-entrance(reference2)andtheright-angle-edge
data..

CorrelationbasedonmodifiedsurfaceReynoldsnumberand
average filmtemperature.-Themodifiedfilmhalf-friction
factorcalculatedfroma dynamicpressurebasedonairdensity
evahatedattheaveragefilmtempere.tureff/2is??lottedagainst
themodifiedsurfaceReynoldsnumber PsV@/PS in figureq13 and
34forthelong-approaohandtheright-angle-edgeentrances,
respectively. Therelation
factorff andtheaverage

ff

betweenthemodifiedfilmfrfot~on
bulkfrictionfactorfb is

2Tf
‘—fbt, + tm

-L G

Theisothermaldata,aswellastheK&rm&-Nikuradseandlsminar-
flowlines,areincluded.

Thedataforth$long-approachentrance(fig.13)showfair
agreementwiththeKarm&-Nikuradselineintherangeofturbulent
Re@oldsnumbers;At hwReynoldsnumbers,thedatahaveabcyt
thesam slopeasthereferencelineforleminarflow,butare

. displacedinthedirectionofhigherRemoldsnumbers.
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The correlationfortheright-angle-edgedataalsoagrees
fairlywellwiththeK&rm&-Nikuradseline,as showninfigure14.
Whenfriotionfactorsfortheround-entranoedata(reference2)
arecalculatedfrczua dpamicyressurebasedondensityatthefilm
ratherthanthesurfacetemperature,stiar trendsareobtained.

Comparisonof Ilriction andHeat+kansferData
* — —

Theexperimentalfrictionandheat-transfer&atapointsfor
thelong-approachentrancearecomparedinfigure15. Themodified
fih Wf-frictionfactorff/2 fofithefrictiondataandthe
produotofa.modifiedStantonnumberandPrandtlnumlertothe

““’-r (-)r*)””’ ‘orthba’-’mmferD,pBoBo
areplottedagainstthemodifiedsurfaceRemoldsnumber
Thefigurefndioatesthatboththefrictionandheat-transf~rdata
canberepresentedfairlywellbya singlelineformodified
Reynolds’num3ersaboveabout10,000.Similarresultsareobtained
withtheright-angle-edgeentrance.

SUMMARYOFRESULTS

Theresultsofa heat-transferinvestigationoonductedwith
airflowingthroughanelectricallyheatedInconeltubewitheither
a long-approachora right-angle-edgeentranoe,an Insidediameter
of0.402inch,anda lengthof24 inchesovera rangeofReynolds
numbersfrom1000to 375,000,averageinside-tu%e-wal.ltemperatures
frcm660°to2000°R, a~ he~t-flux-densitiesup to120,000Btuper
hourper

1.
previous

squaretoot-showedthat:
—

Thefollowingresultssubstantiatethefindingsof
investigationswitha round-entrancetube:

a. Correlationoftheaverageheat-transfercoefficients
accordingtothefamfliarNusseltrelation,whereinphysicalprop-
ertieswereevaluated.attheaveragebulktempe?xdnzre,resultedin
8 progressiveseparationOfthedatawithiUOI’eaSedinside-tUbe-
walltemperature.

b. A gocdcorrelationoftheheat-transferdataforthe
entirerangeoftemperatureswasobtainedwhena modifiedsurfaoe
Rewolasnumberwasusedandtheair propertieswereevaluatedat

.
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theinside-tube-walltemperature.Thedataforthelong-approach,
, right-angle-edge,androundentmnoecanbe repsentedby the

s- line,
P@u o. Friotionfaotorscalculatedfroma dynamicpressure
co basedonan averageairdensitywereconsiderablyaffected,by tem-

peraturewhenplottedagainstReynoldsnumber.As thetem~rature
levelwasinoreased,thefrictionfactorsincreasedinthelow
RemoldsnumberregionanddeoreasedinthehighReynoldsnumber
region.

2. A faircorrelationofthefrictiondatawasobtained
whentheaveragefrictionfactorswereoalcmlatedfroma dynamic
pressurebasedona filmdensityandplottedagainstthemodified

, surfaceReynoldsnumber.

3. A comparisonindioatedthatboththefrictiondata
evaluatedatthefilmtemperatureandtheheat-transferdata
eveluatedattheinside-tube-walltemperatureoanbe repr&sented
fairlywellby a singlelineformodifiedsurfaceReynoldsnumbers
aboveabwt 10,000.

4. Theuseofdifferententrancestotheheatertube(long
approachandright-angleedge) hada negligibleeffectonthe
heat-transferandfrictiondata,overtherangeofconditions
investigated,whenccmparedwithresultsoftheround-entrance
data.

LewisFlightPro@sion Laboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio.
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